The in¯uenza A virus promoter is recognized by the in¯uenza A virus RNA-dependent RNA polymerase, and directs both transcription and replication of the viral RNA genome. Within the sequence of this promoter,¯u strains exhibit a natural, unique variation, either a U or a C, at the fourth position from the 3¢ end. Promoters that contain a C residue (C4 promoter), which are invariably found in genome segments that encode the three RNA polymerase subunits (PB1, PB2 and PA), down-regulate transcription but activate genome replication. Here, we have determined the structure of the C4 promoter by NMR spectroscopy and compared it with the structure of the U4 promoter, which was determined previously. The structure of the internal loop in the C4 promoter is similar to that of the U4 promoter. However, the terminal stem of the C4 promoter is strikingly different from that of the U4 promoter. These structural data suggest that the internal loop is important for polymerase binding to the promoter, and the terminal stem is crucial for differential regulation of transcription and replication.
INTRODUCTION
The genome of in¯uenza A virus (vRNA) consists of eight single-stranded RNA segments of negative polarity (1) . These vRNA segments are transcribed into mRNA and replicated to produce cRNA, a full-length complementary copy of the vRNA (Fig. 1D ). Both transcription and replication of the genome are performed by the same viral ribonucleoprotein (RNP) complex, which consists of three RNA-dependent RNA polymerase (RdRp) protein subunits (PB1, PB2 and PA) and nucleoproteins (NP). The mRNA carries a host-derived 7-methyl guanosine cap structure at its 5¢ end and a poly(A) tail at its 3¢ end, and directs the synthesis of all viral proteins. The cRNA serves as a template for the synthesis of progeny vRNA, which is used in the construction of cRNP complexes.
The in¯uenza A virus RdRp binds speci®cally to the partial duplex structure found in the viral genes (also referred to as the promoter or panhandle RNA), which consists of the 5¢ and 3¢ termini of each RNA genome segment (2, 3) . In this partial duplex, 13 nt at the 5¢ end and 12 nt at the 3¢ end are highly conserved among most in¯uenza A virus variants (Fig. 1A) . All of the regulatory signals for the initiation of transcription and replication reside in these terminal sequences (4±6), and several lines of evidence suggest that the promoter is also involved in gene packaging and polyadenylation (7, 8) .
Within the conserved sequences of the promoter, there is single, natural sequence variation at position 4 from the 3¢ terminus (this position contains either a U or C). According to sequence data, the three polymerase genes (PB1, PB2 and PA) invariably carry a C residue at this position (C4), while most of the other viral genes carry a U residue at this position (U4) (9) . Two exceptions are the neuraminidase (NA) and matrix protein (M) genes, in which both nucleotides have been observed at position 4 from the 3¢ end. Research using two isogenic A/WSN/33 in¯uenza viruses (a C4 and U4 virus) revealed that the C4 RNA promoter is involved in the downregulation of transcription (10) . Because viral polymerase should be required in only catalytic amounts (11) , this downregulation would be important for utilizing the host cells' resources effectively. In addition to the effect on transcription, researchers also observed that the C4 promoter activates replication, compared with the U4 promoter, indicating that the C/U variation at position 4 is related to regulation of transcription and replication ef®ciencies. Recently, it was also reported that a single, natural sequence variation in DNA promoter, which is the recognition site of TATA-binding protein, reveals decreased transcription ef®ciency by inducing helical bending change (12, 13) . This implies that the structural change of promoter by a single sequence variation is involved in transcription ef®ciency.
The structure of the U4 RNA promoter was determined previously in our laboratory by NMR spectroscopy, and revealed the following remarkable features: (i) an A±C mismatch that is stacked into a helix, extending the helical pattern to the end of the internal loop; (ii) an adenosine located at the junction between the internal loop and proximal stem that is displaced toward the minor groove, forming a novel (A-A)-U motif; and (iii) coincidence of the assumed boundary of the open complex with position 4 from the 3¢ terminus, at which bending (46 T 10°) occurs (14) .
Even with the structural information that exists, two important questions remain: (i) how are the U4 and C4 nucleotides involved in the differential regulation of transcription and replication, and (ii) what are the structural bases for the speci®c interactions between either the U4 or C4 RNA promoter and RdRp? In order to address these questions, we have solved the solution structure of the C4 promoter (PDB accession no. 1MFY). It revealed that the structural characters of the internal loop are similar to those of the U4 promoter, but the terminal-stem structure is quite different. The terminal stem of the C4 promoter has a unique adenosine bulge structure and¯exible base pairs. These structural differences between the terminal stems of the U4 and C4 promoters raise the possibility that the conformation of the promoter might be involved in the differential transcription and replication.
MATERIALS AND METHODS

RNA sample preparation
The RNA samples were prepared by cleaving substrate RNA with a trans-cleaving hammerhead ribozyme RNA, as was done previously in the preparation of the U4 promoter (14) . The use of a hammerhead ribozyme RNA enabled the preparation of an RNA molecule that has an intact sequence in the terminal region ( Fig. 1A and B) . The substrate RNA was prepared by transcription from DNA templates using T7 RNA polymerase, and was then puri®ed with Prep-cell (Bio-Rad). The cleavage reaction by the hammerhead ribozyme RNA was performed by incubation in 28 mM MgCl 2 and 50 mM Tris±HCl (pH 7.9), for 60 min at 55°C, with an RNA/ribozyme ratio of 20:1. The cleaved RNAs were puri®ed by polyacrylamide gel electrophoresis and then electroeluted from the gel (15 15 N-labeled RNAs were prepared at concentrations of~1.5 and~0.5 mM, respectively, in 0.01 mM EDTA/10 mM phosphate buffer (pH 6.5).
NMR spectroscopy
NMR spectra were acquired at 400, 600 and 800 MHz on Bruker DRX spectrometers and a 600 MHz Varian Unity Inova spectrometer. The spectra from the Bruker spectrometers were processed with XWIN-NMR software, while those from the Varian spectrometer were processed with NMR-Pipe 2.1 and Varian VNMR software. All of the spectra were analyzed with SPARKY 3.95 (University of California, San Francisco). Using an unlabeled sample, two-dimensional (2D) D 2 15 N) experiments used for assignment were 13 C-CT-HSQC (heteronuclear single quantum correlation spectroscopy), 15 N-1 H-HSQC, 2D HCCH-COSY and 2D HCCH-TOCSY. The 3D experiment, HCCH-COSY-TOCSY, was carried out at 294 K (16) . The protondetected 31 P-1 H heteronuclear correlation (HETCOR) was obtained at 294 K (17) . The 13 C T1r (rotating frame spinlattice relaxation time) measurements on the adenine C2 were performed on a 13 C, 15 N-labeled sample with the pulse sequence described previously (18) . Relaxation times were extracted by linear ®tting of the logarithm of the integrated peak volumes from the 2D spectra.
Spectral analysis and structural calculation
Exchangeable base proton resonances were assigned from the 2D H 2 O NOESY, and base pairings were identi®ed using 15 (19) . Structures were calculated using a distance geometry simulated annealing (DGSA) protocol with CNS software (20) . A total of 100 starting structures were generated by distance geometry. Based on the simulated annealing protocol, the structures were heated to 3000 K for 20 ps and then cooled over 27 ps to 300 K. During this initial round of calculations, the distance force constant was 50 kcal mol ±1 A ±2 , and the dihedral angle constant scaled from 10 to 400 kcal mol ±1 rad ±2 . A total of 15 ®nal structures were analyzed by Insight II (Biosym Technologies, San Diego) and MOLMOL (Institut fu Èr Molekularbiologie und Biophysik, Switzerland).
RESULTS
Overall structure of the C4 promoter
The C4 promoter structure consists of a terminal stem, an internal loop, a proximal stem and a UUCG tetraloop (Fig. 1B) . H 2 O NOESY and 15 N ±1 H HSQC showed that the C4 promoter has a G±U wobble pair, four G±C pairs and two A±U pairs in the terminal and proximal stems. The overall helix has a standard A-form geometry, as evidenced by typical NOEs in D 2 O NOESY. The terminal stem is rather¯exible, because of a lack of stable base pairs and the helix-disrupting A-bulge. The internal loop showed no evidence of base pairing in the NMR spectra, even when obtained at low pH (pH 5.5). In spite of this fact, all of the residues in the 5¢ strand of the internal loop are well stacked into the helix. The structure of the UUCG tetraloop was similar to that suggested by a previously determined structure (14, 21) . A total of 726 restraints derived from NMR data were used for structure calculations to obtain the 15 converged structures ( Table 1 ). The average structure is shown in Figure 2A .
Terminal stem
The terminal stem is composed of a single base (A4) bulge and two small¯anking stems. In the D 2 O NOESY, sequential NOEs, such as H8/H6 i -H1¢ i±1 , H8/H6 i -H2¢ i±1 and H8/H6 i -H3¢ i±1 , were identi®ed for most of the residues in the terminal stem, but were not detected for U31 to C30 and A4 to U3. This indicates that the terminal stem forms a typical A-helix, although the sequential connectivity is partially broken. Analysis of the 15 N-1 H HSQC showed that this terminal stem has one G±C base pair (G5±C28), two A±U base pairs (A6±U27 and A7±U26) and a U±G wobble pair (U3±G29) (Fig. 1C) . Three canonical base pairs (G5±C28, A6±U27 and A7±U26) constructed one small stem beside the internal loop. The G5±C28 base pair was newly induced by the natural variation (U to C) at position 4 from the 3¢ end. The G5 imino resonance in the 15 N-1 H HSQC spectra, which is evidence of the G5±C28 base pair, had weaker intensity than did the other G±C pairs in the stem. Also, the G5±C28 base pair melted easily at lower temperature in the variable temperature 1D experiment (data not shown). These results show that the G5±C28 base pair is less stable than the other G±C pairs.
The A1±U31, G2±C30 and U3±G29 base pairs were part of another small stem located near the end of the terminal stem (Fig. 2C) . Actually, the ®rst two base pairs (A1±U31 and G2±C30) were not identi®ed in either the H 2 O NMR spectra or the 15 N-1 H HSQC spectra, even at low pH (5.5), due to rapid solvent exchange. This observation implies that the small terminal stem is somewhat¯exible. In addition to the A1±U31 and G2±C30 base pairs, the U3±G29 wobble pair was alsō exible. The peak intensities of U3 and G29 were weaker than those of the other base pairs represented in the 15 N-1 H HSQC spectra (Fig. 1C) , indicating that the small stem in the promoter terminus is completely¯exible.
A4-bulge structure
Because of the presence of the G5±C28 and U3±G29 base pairs, the A4 residue is not paired and forms a bulge structure in the terminal stem (Fig. 2C) . The weak but evident longrange NOE between A4 and G29 (A4H2±G29H1¢), and a sequential NOE (A4H2-G5H1¢) in the D 2 O NOESY (Fig. 3A) indicated that A4 stacks slightly between the G5±C28 and U3±G29 base pair planes. However, although this stacking interaction exists, sequential NOEs from U3 to A4 and A4 to G5 are lacking. These observations indicate that the A4-bulge is not fully stacked in the helical stem. Actually, the A4-bulge is protruded toward the minor groove in the calculated structure. Several previous studies of single adenosine bulges showed that an adenine bulge¯anked on one side by a nonWatson±Crick base pair adopts an extra-helical conformation (22, 23) . In this regard, the partial stacking of the A4-bulge studied here is consistent with previous ®ndings.
Measurement of 13 C T 1 r relaxation times for adenines in the in¯uenza A virus RNA revealed notable dynamic character associated with the A4-bulge. The 13 C T 1 r relaxation time for a particular carbon type (C2) is related to the internal motion of the base. Disorder on the pico-to nanosecond timescale increases the T 1 r value, whereas chemical-exchange processes on the micro-to millisecond time-scale decrease the T 1 r value (24) . The T 1 r of A4 residue (52.7 ms) was much larger than those of adenines in the stem (~14 ms), and was even larger than that of the terminal A1 residue (45 ms) (Fig. 3C ). This augmentation of the T 1 r value implies that the A4 base in the stem is highly disordered on the pico-to nanosecond time-scale.
Internal loop
We next assessed the structure of the internal loop of the C4 promoter and found that it is entirely¯exible, with no base pairs. In the H 2 O NOESY, there was no evidence of base pairing, such as an imino±amino cross-peak for G±C pairs or an H2±imino cross-peak, which is associated with A±U pairs. This absence of base pairing in the internal loop resulted in a highly¯exible internal loop structure. However, despite the absence of base pairing, all of the residues in the 5¢ strand of the internal loop were well stacked into the helix. In D 2 O NOESY, the sequential connectivity of the A8 to A11 nucleotide in the 5¢ strand was continuous. In addition, the A8H2±C9H1¢, A10H2±A11H1¢ and A11H2±G12H1¢ crosspeaks con®rmed the presence of a stacked structure. Contrary to the 5¢ strand, for most of the residues in the 3¢ strand, the sequential NOEs were weak or absent in the NMR spectra. Most notable was the C24 residue, which showed only intraresidue NOEs. Due to this lack of inter-residue NOEs, the internal loop displayed a less-converged structure.
According to our calculated structure, the A8 and U25 residues are rather close to each other, and are nearly co-planar (Fig. 2B) . Also, both residues are stacked into the helix, as is evidenced by the NOE connectivity for A7 to C9 and U25 to U26. These observations indicate that A8 and U25 are part of the extended helix of the terminal stem, although we did not observe their base pairing, possibly due to rapid water exchange. This base stacking (for A8 and U25) stabilized the junction between the stem and the internal loop. Like the A8 and U25 residues, base pairing between C9 and G23 was not observed, but these residues were shown to be placed in nearly the same plane in the calculated structure. Also, the C9 residue was well stacked into A8 and A10; thus, its stacking stabilization might result from this base pair-like geometry with G23. C24 in the 3¢ strand had no sequential connectivity in the D 2 O NOESY. Also, the 3 J H1¢-H2¢ obtained in the DQF-COSY was 6 Hz, indicating that C24 has a dynamic sugar conformation [equilibrium between the C2¢ endo ( 3 J H1¢-H2¢ > 8±9 Hz) and the C3¢ endo ( 3 J H1¢-H2¢ < 2 Hz)]. The C24 base was also shown to protrude towards the major or minor groove, and to display a divergent conformation in the calculated structure. Thus, we suggest that the lack of conformational rigidity associated with the C24 residue might destabilize the C9±G23 base pair and, consequently, the entire internal loop.
The A10 and A11 residues exhibit intra-stand H2 i -H1¢ i+1 NOEs typical of A-form RNA helices. Also, two cross-strand NOEs, A10H2±G23H1¢ and A11H2±G23H1¢, were observed in the D 2 O NOESY (Fig. 3B) . In the context of the potential base pair between C9 and G23, the A11H2±G23H1¢ peak is unusual, because the distance between A11 and G23 is too far for NOEs to be detected in the standard A-form helix geometry. However, this unusual NOE could be explained by the displacement of A11 into the minor groove. The U22 residue was shown not to be base paired with either A10 or A11, and to display divergent conformations. Consequently, the A10, A11 and U22 residues revealed structural and spectral analogies to the previously determined (A10-A11)-U22 motif of the U4 promoter.
Comparison with the U4 promoter
The terminal structures of both promoters are quite different in terms of their secondary structure (Fig. 1B) . The A4 residue of the U4 promoter is paired with U28, and displays bending property (46 T 10°) near this base pair (14) . However, the A4 residue of the C4 promoter was found not to be paired, because C28 is paired with G5; thus A4 forms a bulge structure of highly dynamic character. The secondary structure near A4 and G5 is important for transcriptional ef®ciency (25) . Therefore, these differences in the structure of the A4 residue in the C4 promoters may be related to the interaction between vRNA and RdRp during transcription initiation. In addition to the differences in secondary structure, the stabilities of the terminal stems in both promoters are notably divergent. In the C4 promoter, one of the stems¯anking the A4-bulge revealed more¯exible and unstable base pairs than did the corresponding region of the U4 promoter (Fig. 4B and D) . Despite the identical sequences in this region (A1±U3 and G29±U31), the differences in base pair stability suggest that the A4-bulge in¯uences the structure of the terminal stem. Although the terminal stem structures of the C4 and U4 promoters are different, both promoters show similar internal loop structures. For example, A10, A11 and U22 in the C4 promoter exhibit singular spectral features such as a long NOE (A11H2±G23H1¢) (Fig. 3B) . These spectral features are also evident in the (A10-A11)-U22 structure of the U4 promoter. Consequently, the A11 residues of both promoters are displaced into the minor groove, which results in a widening of the major grooves of each helix. It is intriguing that although the C24 residue of the C4 promoter is bulged out and that of the U4 promoter is base paired with the A8 residue, the overall internal loop structures of both promoters closely resemble each other (Fig. 4A and C) .
DISCUSSION
DNA-dependent RNA polymerase (DdRp) carries out a series of steps during the transcription reaction: speci®c recognition of the DNA promoter by DdRp, promoter localization, melting of the DNA to form an active open complex, synthesis of the ®rst phosphodiester bond, abortive RNA synthesis, promoter clearance, transcriptional elongation, and termination (26) . Similarly, during the initiation of transcription, RdRp must recognize the promoter sequences and then localize its catalytic core at the promoter in order to form an open complex. Studies of two isogenic in¯uenza viruses, the C4 and U4 viruses, revealed that the C4 promoter down-regulates transcription compared with the U4 promoter (10) . Because the C4 promoter activates replication even during transcription, the transcriptional yield is decreased and the replication yield is increased for this promoter. This differential transcription of C4 and U4 promoters might be the result of differential promoter recognition and localization by the RdRp. Based on the solution structures of both promoters, we propose a model for distinct modes of initiation carried out by the C4 and U4 promoters during in¯uenza A virus transcription (Fig. 5) .
In our model, in the ®rst step of transcription initiation, the in¯uenza A virus RdRp speci®cally recognizes the common structure of both promoters, the (A10-A11)-U22 structure, for the cognate RNA binding (Fig. 5A and B) . A modi®cation interference assay identi®ed residues A8 to A11 in the internal loop as the polymerase binding site (27) , while photochemical crosslinking assays suggested that the residues C20 to G23 are critical for the transcription activity (28) . Also, not the 3¢ bulge (5¢ A: U±U 3¢) but the 5¢ bulge (5¢ A±A: U 3¢) in the internal loop is important for packaging (29) . Since the packaging only occurred in vRNA, it is possible that the (A-A)-U structure could be a unique signal of the vRNA for the polymerase binding. Comparison of the C4 and U4 promoters reveals that the internal loop structures of both promoters are essentially the same; in both promoters, A11, which is displaced toward the minor groove, results in the widening of the major groove that contains the (A10-A11)-U22 residues. It is possible that the widening of the major groove in the internal loop reveals points of contact for the RdRp during transcription initiation. Also, because RNA-binding proteins prefer preformed and exible structures as binding sites (30, 31) , unique structures with local, dynamic properties, such as the (A-A)-U motif, would be useful for speci®c recognition by the RdRp.
Continuing with our proposed model, after speci®c recognition of the promoter, the RdRp localizes the promoter at its catalytic core. Then, before it initiates transcription, the RdRp uses its endonuclease activity to snatch the cap structure from a host mRNA. It is during these steps of the transcription process that the in¯uenza RdRp distinguishes between the C4 and U4 promoters. The conspicuous structural differences between the U4 and C4 promoters are in the terminal stems of both promoters. The C4 promoter has¯exible base pairs and an A4-bulge protruding toward the minor groove, while the U4 promoter has the A4±U28 pair with bending properties and other stable base pairs (Fig. 4B) . The bent part of the U4 promoter, which exposes the minor groove, has been proposed as an anchor site for the RdRp, as has been observed for the TATA-binding protein (32) . Therefore, we suggest that the in¯uenza RdRp binds to the region around the A4 residue, and the structure of the minor groove allows the protein complex to distinguish between the two promoters and initiate differential transcription. The highly dynamic properties of the A4 base in the C4 promoter imply that the RdRp contacts occur at this site.
In addition to the A4 structure, the¯exibility of base pairs in the terminal stem might also be critical for differential transcription from the two promoters. The stable duplex structure of the terminal region might induce the endonuclease activity of the RNA±RdRp complex, and this activity is essential for cap-dependent transcription. The endonuclease activity of the RdRp requires both the 5¢ and 3¢ regions of the in¯uenza promoter (33) . Although the single-stranded 5¢ end can induce binding of the cap structure, it alone could not effectively trigger endonuclease activity. In the case of the U4 promoter, the terminus is a predominantly stable doublehelical structure, thus activating endonuclease activity (Fig. 5C ) and the subsequent transcription process. However, for the C4 promoter, the terminal region is in equilibrium between the single-and double-stranded structures, so that a lower proportion of the C4 promoter molecules than that of the U4 promoter molecules induces endonuclease activity (Fig. 5D ) and transcription initiation. Actually, it has been shown that single nucleotide mutation (U4 to C4) of the in¯uenza promoter results in slightly lower endonuclease activity (34) .
Replication of in¯uenza vRNA is cap-independent and is initiated de novo (35) , so that the initiation step does not require the endonuclease activity. Also, de novo initiation generally requires that several nucleotides at the 3¢ end of the promoter be unpaired (36, 37) . In fact, in an NMR study of the cRNA promoter of in¯uenza A virus, which is the template for replication, we found that the terminal region of the cRNA is entirely unpaired (our unpublished data). Thus, it is tempting to speculate that the portion of the C4 promoter with singlestranded character prevents induction of the endonuclease activity, and thus allows replication to be initiated by the RNA±RdRp complex. In other words, endonuclease-positive versions of the RNA±RdRp complex on both promoters ( Fig. 5C and D) will initiate transcription by using the cap primer ( Fig. 5F and G) , but the endonuclease-negative complex (Fig. 5E ) on the C4 promoter will begin replication ( Fig. 5H) with the assistance of viral NP (38) . Consequently, during the same time period, the C4 promoter will give rise to more replication product and less mRNA than will the U4 promoter.
So far, three distinct promoter models have been proposed to explain the initiation of the transcription of the in¯uenza virus RNA: the panhandle (14,39), RNA-fork (40, 41) and corkscrew (42, 43) , where the corkscrew model has been suggested especially for the promoter±polymerase open complex. The differences in these models reside at the very end of the promoter structure, and the debate on the promoter structure has not yet been ®nished. Although Fodor et al. (40) and Flick et al. (42) assumed that the 5¢ and 3¢ ends of the vRNA would not form the panhandle structure, we and Baudin et al. (39) have shown that the 5¢ and 3¢ ends are base paired in the naked state. Thus, we suggest that initially the polymerase recognizes and binds to the proposed bulge region of doublestranded vRNA termini, followed by melting of the termini, generating the RNA fork or the corkscrew structure in the open complex. The importance of the terminal-stem structure was demonstrated in one study where the in¯uenza A virus promoter was cloned into a more internally located position. Even when the native promoter was located in the middle of the double-stranded RNA, while leaving the terminal-stemdisrupting mutant promoter in the original position, the initiation site of the transcription was at an internally displaced location (44) . It has been known that the polymerase binding af®nity increases signi®cantly when both the 5¢ and 3¢ strands exist (45) . From these results, and our structural data, we infer that the in¯uenza A virus promoter forms a double-stranded terminal structure, and its helical structure has possible regulatory roles in the initiation of RNA synthesis.
